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Abstract 

The high rate of spreading of COVID-19 is attributed to 
airborne particles exhaled by infected but often asymptomatic 
individuals. In this review, the role of aerosols in SARS-CoV-2 
coronavirus transmission is discussed from the biophysical 
perspective. The essential properties of the coronavirus virus 
transported inside aerosol droplets, their successive inhala- 
tion, and size-dependent deposition in the respiratory system 
are highlighted. The importance of face covers (respirators and 
masks) in the reduction of aerosol spreading is analyzed. 
Finally, the discussion of the physicochemical phenomena of 
the coronavirus entering the surface of lung liquids (bronchial 
mucus and pulmonary surfactant) is presented with a focus on 
a possible role of interfacial phenomena in pulmonary alveoli. 
Information given in this review should be important in under- 
standing the essential biophysical conditions of COVID-19 
infection via aerosol route as a prerequisite for effective stra- 
tegies of respiratory tract protection, and possibly, indications 
for future treatments of the disease. 
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Introduction 

Several types of coronaviruses (CoVs) have been iden- 
tified during the last decades and many of them have 
caused various dysfunctions of the respiratory, gastric, 
and nervous systems [1,2]. Some diseases induced by 
CoVs have been of greater concern due to their sub- 
stantial mortality, with SARS (Severe Acute Respiratory 


Check for 
updates 


Syndrome) and MERS (Middle East Respiratory Syn- 
drome) as the most known but not exclusive examples 
[3—5]. The outbreak of the COVID-19 pandemic in the 
spring of 2020 and the necessity of searching for a pro- 
tection, vaccine, and effective drugs for this new disease 
caused by the newly identified SARS-CoV-2 coronavirus, 
led to the urgent need for a deep understanding of 
various aspects of the virus properties, biological activity, 
and routes of transmission. A vast amount of data on this 
subject have been gathered and published in 2020, 
resulting in a kind of ‘information chaos’ created by a 
mix of essential with unimportant or even false 
conclusions 


‘This review paper tries to organize and discuss selected 
aspects of this broad area, focusing mainly on the 
problems of airborne transmission of the CoV in the form 
of a colloidal system (aerosol), virus penetration to the 
respiratory system, and possible physicochemical in- 
teractions with the liquid layers of the lungs. 


Physical and biochemical properties of 
coronaviruses 

Coronaviruses (Coronaviridae family) are enveloped vi- 
ruses of 120—160 nm in size, and they contain a large 
positive-sense single-strand RNA genome [4,6]. CoVs 
have a different outer structure than other known 
enveloped viruses (e.g., influenza [7,8]) due to the 
presence of spike glycoproteins, which form a kind of 
crown on the viral membrane [5]. The membrane- 
anchored spike glycoprotein of 180—220 kDa has a 
club-shaped trimeric form, where the N-terminal part 
(S1) contains the receptor-binding domain, and the C- 
terminal part (S2) has fusogenic activity [9,10]. Poly- 
saccharide coating of the spikes allows to camouflage 
CoV against the host immune system [9]. The S2- 
induced fusion of CoV with a host cell is dependent 
on pH and differs from virus to virus, from neutral to 
slightly acidic (pH 6.5) [1]. The S2 part becomes active 
after cleavage of the spike protein by proteolytic en- 
zymes of the host cell (e.g., furin, trypsin, cathepsins 
and others). The presence of these proteases on target 
cells determines whether CoVs enters the cells through 
fusion with the plasma membrane or rather via acidic 
pH-dependent endocytosis [1,2]. CoVs have an enve- 
lope with a lipid composition compatible with the 
cellular membranes, which facilitates their entry to the 
cells [1,5]. Interestingly, the viral envelope can resist 
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the acidic environment of the stomach and the action of 
bile and lytic enzymes, and this allows CoVs to retain 
bioactivity in the gastrointestinal (GI) tract and induce 
GI symptoms [1]. 


The pathogenic activity of CoVs runs through a lysis or 
apoptosis of the infected cells. An occurrence of cyto- 
kine storms and accumulation of inflammatory cells 
(mainly: alveolar macrophages in the lung) have been 
observed during the peak of the SARS and COVID-19 
diseases, and the virus also can replicate in the macro- 
phages [1,11]. CoVs primarily infect the epithelial cells 
of the respiratory and gastrointestinal tracts, but it has 
been detected in the blood, lung, liver, and kidney, and 
secretions (stool and urine), which means that CoVs 
may induce systemic infection [1]. In the course of 
COVID-19, it is due to the fact that SARS-CoV-2 enters 
cells via the angiotensin-converting enzyme 2 (ACEZ) 
receptor [12—14], and ACE2 is associated with the 
balanced mechanisms of the renin-angiotensin system 
responsible for the proper functions of the heart, kidney, 
vascular endothelium, liver, lung, pancreas, skeletal 
muscle, gonads, liver, placenta and brain [13]. Such in- 
teractions have been indirectly proven by long-term 
systemic effects of SARS-CoV-2 infection (‘long 
Covid’) [15,16]. 


Many of the physical and biochemical properties of CoV 
discussed above are essential for the proper recognition 
and assessment of coronavirus interactions on the lung 
surface that will be discussed later in the next parts paper. 


Airborne transmission of COVID-19: 
dynamics of aerosol flow and deposition in 
the respiratory system 

Airborne transmission is recognized as the main way of 
spreading viral infections in the population [8,17,18], 
including COVID-19 [19—21]. Inhalable aerosols must 
contain particles or liquid droplets smaller than 
~ 20 um; however, only particles with a diameter below 
5 um (known as ‘fine particles’ [22]) can effectively 
penetrate to the lower parts of the respiratory system, 
i.e. the small bronchi and pulmonary alveoli. It may be 
mentioned that in regards to airborne transmission of 
pathogens by liquid aerosol particles, some authors use 
the terms ‘droplets’ for objects larger than 20 um, and 
‘droplet nuclei’ for objects smaller than 5 um [23]. 
However, in this paper, all kinds of liquid particles 
suspended in the air will be called ‘droplets’. In general, 
the inhalability of large particles or droplets is restricted 
by their short residence time in the air outside the or- 
ganism due to quick gravitational sedimentation. For 
instance, a 20 um particle falls down with a speed above 
1.2 cm/s, which means that it requires less than 3 min to 
reach the ground from a height of approximately 2 m. 
Inhalable particles that enter the body via mouth or nose 
during normal breathing undergo several physical 


mechanisms that cause their deposition on the surface 
in different parts of the respiratory tract [24]. The res- 
piratory system may be considered a sequential filter, so 
lower airways may be reached only by particles that 
successfully penetrate through the earlier levels, i.e. the 
naso-oropharynx and trachea. An important feature of 
the aerosol flow during inhalation is unsteadiness. The 
flow rate profile starts and ends with zero value and 
achieves the maximum (PIFR — peak inspiratory flow 
rate) approximately in the middle of the inhalation 
phase. As seen from Figure 1., the exhalation in normal 
breathing is less symmetric and longer than inhalation. 
This figure also indicates additional phenomena (a 
possible particle growth and generation in the respira- 
tory system), which will be discussed later. 


The contribution of forces acting on inhaled aerosol 
particles varies continuously in each phase of the 
breathing system. When aerosol gradually accelerates 
during inhalation towards PIFR, the inertial mechanism 
of deposition of large particles becomes predominant. 
Consequently, the majority of particles larger than 5 Um 
are effectively removed from the airstream already in 
the nose/mouth/throat (i.e. the upper airways), so they 
are absent in the aerosol that enters the bronchial tree. 
After passing the upper airways and trachea, the aerosol 
decelerates in bronchi due to the increase of the total 
cross-section area of the airways. Inertial deposition 
becomes unimportant in this region for two reasons: the 
lower airflow rate and the lack of heavy (large) particles 
already removed in the upper airways. Instead, the 
gravitational sedimentation starts to dominate for par- 
ticles of 1—5 um in size. Sedimentation is more effec- 
tive here also due to increased particle residence time in 
the individual bronchial tubes and gradual reduction of 
their diameter (shorter sedimentation path). As a 
consequence, only a limited number of particles smaller 
than ~3 um can reach pulmonary alveoli and deposit 
there. The smallest submicrometer particles undergo 
Brownian motion that increases their deposition in the 













Figure 1 
A 
PIFR INHALATION 
aerosol growth 
airflow and deposition 
rate 
[L/min] 





> 
time [s] 





EXHALATION 
aerosol deposition and 
simultaneous generation 











Current Opinion in Colloid & Interface Science 





The typical airflow dynamics and aerosol behavior during each phase of 
breathing. 
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pulmonary region. This is also possible due to very slow 
air velocities (the creeping flow) and the short distance 
to the deposition surface since the average size of the 
alveolus is ~200 um [25]. Particles that are not 
deposited during inhalation can be captured in the 
respiratory system also during exhalation, and it has 
been demonstrated that a rapid change in the airflow 
direction (inhalation to exhalation) intensifies the 
deposition of ultrafine particles [26]. 


The size-dependent regional deposition probability of 
inhaled aerosols as a function of particle size is sche- 
matically shown in Figure 2. These kinds of relation- 
ships have been measured during in vivo studies, and 
they can also be predicted by computational models 
[27]. It is seen that the total efficiency of deposition of 
fine particles in the lungs is below 100%, so many of 
these particles are exhausted to the surrounding during 
the exhalation phase. The exact numerical data of ex- 
pected deposition of particles with different sizes in 
various lung regions depend on breathing dynamics, 
particle properties (density and shape, as quite often 
aerosol particles are not spherical [28]), and the actual 
geometry of the respiratory tract of a given individual. 
However, the graph shown in Figure 2 properly illus- 
trates a general relationship. 


As in any filtration systemthere is a minimum of regional 
and total deposition for particles in the size range of 
0.2—0.8 um. According to the data presented in 
Figure 2, almost 75% of such particles are expected to be 
exhaled. The graph also shows that particles within size 
range 1—5 um, which pass the upper airways, have a high 
probability of deposition in the bronchial tree and 
alveoli. This is why they are of great concern both in 
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Probability (efficiency) of particle deposition in the respiratory system: ALV — 
alveolar (pulmonary) region, BT — bronchial tree, UA — upper airways (head), 
WHL — whole lung (total). Data calculated using MPDD model: Yeh-Schum 
symmetric lung geometry, Functional Lung Capacity, FRC = 2200 mL, Tidal 
Volume, TV = 500 mL, Breathing Rate, BR = 12 min“ [27]. 
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inhalation toxicology and aerosol therapy. Ultrafine par- 
ticles smaller than 100 nm (i.e. nanoparticles), also have 
a high deposition probability in these regions. Such 
particles are usually neglected in inhalation drug de- 
livery as practically absent in aerosols generated in 
medical inhalers [24]; however, nanoparticles are 
extremely important regarding the health effects of 
inhaled industrial and other anthropogenic aerosols 
[29—31]. This particle size range is also unimportant in 
the discussion of coronavirus aerosols as the virus itself is 
larger than 100 nm. 


Let us indicate two additional effects that are important 
in the analysis of aerosol behavior in the respiratory 
system during inhalation—exhalation cycle (Figure 1): 


1. Aerosol particles may increase their size in the air- 
ways due to the condensation of water vapor (hy- 
groscopic growth) and also due to coagulation/ 
coalescence [32,33]; 

2. Aerosol droplets can be generated in the respiratory 
system and emitted outside during exhalation [34,35]. 


The first factor suggests that even if aerosol particle or 
droplet has the initial size that corresponds to relatively 
poor deposition efficiency in the lungs, it can grow 
inside the respiratory tract to the final size that will 
result in the capturing of this particle. The second factor 
is of primary importance in the analysis of the trans- 
mission of COVID-19 by airborne particles, where 
SARS-CoV-2Z coronavirus is contained in aerosol droplets 
is exhaled by an infected individual. 


Indeed, it has been demonstrated that respiratory drop- 
lets are generated by breathing [34—37]. Exhaled drop- 
lets are within the submicrometer size range so they are 
large enough to carry the ~ 150 nm CoV particles out of 
the respiratory system. In the other situations, such as 
talking, coughing, or sneezing, droplets expelled from the 
mouth or nose are often larger (from several micrometers 
to almost 1—2 mm) and have a high velocity that allows 
them to be spread to a distance of a few meters [38—43]. 
When face covers are worn, such large droplets will be 
largely stopped being expelled from them by inertial 
deposition. Despite ongoing discussion, wearing face 
masks or face covers is therefore a reasonable strategy to 
reduce spreading the COVID-19 infection in droplets 
expelled by infected individuals. This problem will be 
discussed in more detail in the next section. The com- 
parison of published data regarding the size of aerosol 
droplets emitted during breathing, speaking, coughing, 
and sneezing is presented in [able 1. It can be found that 
the data are dependent on the measuring technique (the 
limits of a particle in different size ranges). A compre- 
hensive review on this subject was published by Gralton 
et al. [35]. 
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Table 1 


Particle size of exhaled aerosol under variable breathing conditions by healthy and infected patients. 


Breathing maneuver 


Mouth breathing, nose 
breathing, coughing, 
talking 


Breathing with different 
intensity and breath- 
holding 

Breathing, vocalization, 
speech, cough 


Speaking, coughing 


Speaking, coughing 


Sneezing 


Breathing, speech, 
sustained vocalization, 
coughing 


Cough of patients with 
influenza: active and 
recovered 


Oral and nasal breathing of 
various dynamics, 
speech with various 
loudness 

Speech 


Cough and cough with 
covering (hand, tissue, 
surgical mask) 


Particle size 


The majority of particles 
are below 0.6 um 


Modal value of droplet 
diameter ~ 1 um 


The majority of droplets 
are < 0.8 um for all 
activities 


Median diameter 
(count): 13.5 um 
cough 
16.5 um speech 


Droplet size range: 
10—100 um 


Droplet size range 
20—1000 um (volume- 
based droplet size 
distribution 

Droplets in the size 
range of 0.1—1000 um 


Droplet size range 
0.35—10 um, the 
majority < 3 um (63% 
in the respirable size 
fraction) count median 
diameter: 0.63 um 

97% droplets < 1 um 


Droplet size range: 
0.05—10 um; 
geometric mean 
diameter (number- 
based) ~1 um, 
regardless of voice 
amplitude 

The majority of droplets 
<0.5 um 


Other essential data and remarks 


Concentration of droplets <1 jm: 

- up to ~180 dm™ for coughing 

- up to ~30 dm for mouth breathing and talking 
- up to 11 dm for nose breathing 


Concentration of droplets >1 um: 

- up to 35 dm ° for coughing 

- up to 6 dm’ for mouth breathing 

- up to ~4.5 dm ° for talking 

- up to ~1.5 dm~? for nose breathing 

Reduction of the number of exhaled droplets by breath-holding 
suggests that they are formed in bronchioles during inhalation 
(they sediment in the alveoli during breath-holding) 

Total droplet concentration: 

- breathing: 100 dm? 

- sustained vocalization and cough: 1100 dm~? 


Unimodal size distribution (~0.8 um) for breathing, bimodal 

for vocalization (modes (~0.8 and 1.8 um), trimodal for 

speech (~0.8, 1.8 and 3.5—5 um) 

Droplet size distribution measured with interferometric Mie imaging 
Droplet concentration: 

- Speech: 4-220 dm 

- Cough: 2400-5200 dm” (i.e. up to 2000 droplet per cough) 


Droplet velocity: 

- 3.9 m/s for speaking 

- 11.7 m/s for coughing 

Measuring method: solid impaction and microscopy. 
The majority of droplets were 35—50 um for speaking 
and 35—100 um for coughing 

Unimodal or bimodal size distribution with volumetric 
mode diameter equal: 

360 um (unimodal) 

72 and 386 um (bi-modal) 

Generation of droplets in the lower respiratory tract 
(bronchial fluid film burst), larynx (voicing/coughing), 
and oral cavity (speech and coughing) results in trimodal 
droplet size distribution. Mode diameters: 

- for speech: 1.6, 2.5, 145 um 

- for cough: 1.6; 1.7 and 123 um 

Number of droplets: 900—300 000 droplets per cough 
(active or recovered patients) 


The number of emitted droplets increases with speech 
loudness from <100 dm? up to 300 dm~? 
Vocalization activates laryngeal particle generation 


Droplet concentration: up to 300 dm~? 
No essential filtration effect of submicrometer particles by 
covering of mouth with hand, sleeve, tissue or surgical mask 


Ref. 


[34] 


[44] 


[38] 


[45] 


[40] 


[41] 


[46] 


[47] 


[48] 


[39] 


[49] 
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Table 1 (continued) 


Breathing maneuver Particle size 

Breathing by patients 
infected with human 
rhinovirus (HRV) 


80% of exhaled droplets 
in 0.3—0.5 um 
diameter range 


Strategies of protection of the respiratory 
tract against inhaled viruses 

Personal protection equipment (PPE) is typically used 
to filter out particles from the air during inhalation to 
the lungs. However, in the COVID era the function of 
face masks has been extended to the role of reduction of 
the amount of aerosol expelled from the respiratory 
system. This is because the airborne transmission of the 
disease has been recognized as one of the major routes of 
infection that can be spread even by presymptomatic, 
asymptomatic, or low-symptomatic persons [20,51]. It 
has been explained by the fact that SARS-CoV-2, in 
contrast to other CoVs (e.g., SARS-CoV or MERS-CoV), 
exhibits high shedding in the upper respiratory tract 
already at the early stages of infection [52], which re- 
sults in easy emission of the pathogen from the body. 
There is a growing body of evidence that face masks, 
independently of their actual filtration efficiency, can 
reduce both the total concentration of droplets expelled 
from the respiratory tract and modify the flow-field of 
exhaled aerosol in the vicinity of an infected person 
[53—56]. Also, the recent research conducted in our 
laboratory (unpublished data) proved that various types 
of face masks and covers effectively change the flow 
direction of exhaled aerosol, which may help in reducing 
the exposure of a person in front of an infected 
individual Figure 3. The reported preliminary study was 
done with the dummy and_ ultrafine aerosol 
(MMAD = 0.45 um, GSD = 1.8), which is comparable 
to the aerosol emitted during normal breathing [37]. 
Visualization results demonstrated that the aerosol 
exhaled via the mouth or nose is only partially filtered 
out during the flow through the mask; however, its flow 
direction is significantly changed since it is exhausted 
mainly via the spaces of inadequate fit of the mask to the 
curvature of the face (mainly, close to the nose or cheeks 
— see arrows in Figure 3c, d, e). It is a benefit of using 
face covers since exhaled aerosol is deflected instead of 
being pushed toward regions in the front of the face (as 
in the case when no protection is worn, Figure 3a and b). 
High-efficient PPEs, e.g. class FFP1, FFP (=N95, 
shown in Figure 3c), or FFP3 respirators, are not oblig- 
atory for this function, and may not even be optimal if 
they are equipped with a low-resistant exhalation valve 
that allows an easy aerosol penetration outside the mask. 
Of course, such PPEs provide a significantly more 
effective filtration of inhaled aerosol particles/droplets 
that may carry CoVs as compared to less sophisticated 
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Other essential data and remarks Ref. 


Droplet concentration: up to 7200 dm for exhalation with tidal volume. [50] 
No HRV detected in collected breath samples 


face masks or covers but do not necessarily offer better 
protection against their exhalation. On the other hand, 
since the induction of the infection requires a minimal 
amount of viruses that can reach the target cells [8,23], 
even partial elimination of inhaled CoVs should reduce 
the risk of COVID-19 infection. 


The problem of CoV persistence in the air was discussed 
by several authors who showed that aerosol could be 
spread in the air to a few meters distance depending on 
the external conditions and the way of aerosol exhalation 
(normal breathing, talking, laughing, singing, coughing, 
sneezing, etc) by an infected person wearing no face 
covering [57]. The droplets may evaporate in the air and 
form airborne particles composed of dry or partly dry 
CoVs [58]. Interestingly, the intense evaporation of 
solvent may inactivate viruses due to the increase of the 
concentration of salt and change in pH inside droplets 
[59]. It has also been discussed that surface-decorated 
partly hydrophobic enveloped CoVs accumulate on the 
droplet surface, which results in conformational changes 
of spike glycoproteins, probably reducing virus infec- 
tivity [60]. On the other hand, other results confirm that 
SARS-CoV-2 suspended in the air remains active for 
several hours [61]. 


In the case of high air humidity or short residence time 
of aerosol in this environment, the effect of evaporation 
decreases, so inhaled CoVs will still be present in the 
form of fine droplets. The probable rehydration of 
inhaled droplets inside the respiratory tract (with the 
relative humidity of ~ 100%) has probably no effects on 
the biological activity of enveloped viruses [60] but 
should result in an increase of droplet diameter and 
deposition efficiency [ [33]]. 


Particles on the surface of the respiratory 
system: role of bronchial mucus and 
pulmonary surfactant in viral infections 

As discussed earlier, inhaled particles or droplets are 
deposited in different levels of the respiratory system 
depending on their size, breathing dynamics, and other 
factors. Upon deposition, particles land on the thin 
aqueous layer that covers cells of the lung tissue. In the 
bronchial airways, this layer is formed by mucus, 
whereas in the pulmonary zone (alveoli), the liquid 
contains the pulmonary surfactant, PS. Each type of 
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liquid blanket has its specific properties, and the initial 
interaction of deposits with the organism must involve 
certain physicochemical processes [30,62]. 


A viscous gel-like layer of mucus immobilizes deposited 
particles, which are then removed from the airways 
together with the mucus toward the throat. In addition 
to water (95%), bronchial mucus contains cross-linked 
mucin fibers, lipids (up to 5%), mineral salts (0.5%) 
salts, free proteins (1%), and other macromolecules 
[63,64]. The so-called ‘mucociliary escalator’ propels 
mucus, thanks to the motion of cilia of the bronchial 
cells. The cilia are immersed in a less viscous fluidic 
sublayer (periciliary liquid) located beneath non- 
Newtonian layer of mucus [65,66]. Since mucus forms 
a physical barrier for particles deposited in the bronchial 
tree, it probably retards the physical (diffusional) 
transfer of CoVs to the bronchial cells. The mucus layer 
is partly permeable for nanoparticles because of the 
noncontinuous microstructure [67], but ~150 nm CoV 
is too large to diffuse quickly through the mucus blan- 
ket. This can explain why the clinical picture of 
COVID-19 is often related to the acute respiratory 
problems that develop not in the bronchial but the more 
distal, pulmonary (alveolar) lung regions. On the other 
hand, the viral infection also results in a secondary 
massive inflammation in the whole bronchial tree that 
requires medical treatment, often done by means of 
aerosol therapy, i.e. inhalations [68]. Protective proper- 
ties of the mucus slow down the transport of inhaled 
medicines to the cells, i.e. reduces the therapeutic 
effectiveness of inhalations. This problem was observed, 
e.g., in gene therapy of cystic fibrosis, indicating that 
mucus is poorly penetrated by viral vectors [69]. This 
supports the hypothesis of the protective function of 
mucus against CoV during infection. 


It is possible to control the rate of transport of inhaled 
medicinal particles through the mucus layer. Odziomek 
et al. [70] proposed a novel vehicle for aerosol drugs 
(e.g., anti-inflammatory or bronchodilating agent) in the 
form of a composite particle containing a mucus- 
thinning compound (e.g., N-acetylcysteine). The 
preparation of such powder particles with properties 
suitable for inhalations done with dry powder inhalers is 
challenging [71,72]; however, it was possible to obtain 
it and demonstrate an increase in the effective diffusion 
of model drugs through a mucus layer in vitro [73]. 


The overall picture of mass transfer processes is 
completely different when inhaled particles (including 
viruses) are deposited in the pulmonary region. The 
aqueous layer on the top of the cells contains PS 
composed of lipids (up to 90% by mass, mainly: phos- 
pholipids) and surfactant specific proteins (up to 10%: 
SP-A, SP-B, SP-C, and SP-D) [30,74,75]. Two of these 
proteins (SP—B and SP-C) are hydrophobic and show 
surface—active properties, while the other (SP-A and 


SP-D) are hydrophilic with no surface activity, however 
with an important role in the defense system of the 
pulmonary region [76]. Adsorption of surface-active 
components of PS on the air/liquid interface (ALI) re- 
duces the surface tension in the system. It must be 
stressed that the whole system is dynamic, and so is the 
surface tension [30,77]. The dynamics of the system 
come directly from the breathing cycle, i.e. the repeti- 
tive expansion and contraction of the interfacial area of 
ALI in alveoli. The surface concentration of PS is 
continuously changing, inducing the oscillatory mass 
exchange of surfactant molecules between the interface 
and the underlying liquid. Since the time scale of vari- 
ation in the surface area is in the order of a few seconds, 
i.e. fast comparing to the rate of molecular diffusion, the 
surface concentration of PS components is increased 
during exhalation and decreased during inhalation, 
Figure 4. These changes are associated with the varia- 
tions of the dynamic surface tension, which can be 
reduced to extra-low values (below 5 mN/m [75,78]) at 
the peak of exhalation when the interfacial area is at the 
minimum. It may be speculated that such a low surface 
tension comes from the equilibrium value and excess (or 
rather: deficit) value produced by mechanical factors. 
This is why the dilatational surface rheology should be 
considered in analyzing these dynamic phenomena 
[31,79—81]: 


Physicochemical events related to particle deposition on 
the ALI have been analyzed quantitatively by Fiegel 
et al. [82] by extending the earlier hypothesis of 
Schiirch et al. [83], who suggested particle wetting and 
sinking after contact with liquid in the presence of PS. 
This would provide the active mechanism of transport of 
deposited particles from the interface to the alveolar 
liquid, i.e. closer to the epithelial cells. Particles them- 
selves may form an adsorption area for the surfactant 
molecules, which build a specific molecular layer over 
the particle surface [84,85]. 


A local depletion of the surfactant due to adsorption on 
particles disturbs the local surface concentration, which 
can be compensated in two ways: (i) by PS molecules 
that arrive at the ALI from the underneath liquid phase, 
and (ii) by a tangential flow (Marangoni effect) bringing 
PS molecules from the neighboring regions of the ALI 
due to the surface tension gradients [30,86], Figure 4. 
Dynamic Marangoni flows that are formed during 
breathing provide the mechanism of hydrodynamic 
removal of insoluble deposits from the alveolar ALI, 
which is believed to be an important PS function related 
to its surface properties [30,86,87]. It should be noted 
that several other vital physiological functions are 
attributed to the dynamic surface activity of the sur- 
factant: (1) the minimization of the work of breathing, 
(ii) stabilizing the alveoli, (111) maintaining a large gas 
transfer area, and (iv) preventing lung edema [88,89]. 
They prove the importance of physicochemical 
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Figure 3 
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The visualizations of the protective action of face masks: (a, b) - aerosol exhalation without the face mask (exhalation via nose or mouth), (c) - FFP2 (class 
N95) respirator; (d) — cotton face mask; (e) — surgical mask. The arrows show the main directions of aerosol penetration. 
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The schematic of dynamic interfacial phenomena in the alveoli pulmonary during breathing. 


phenomena in this system and suggest possible physi- 
ological effects induced by PS interactions with depos- 
ited particles. 


It has been recognized that the influence of deposits on 
interfacial processes in this system depends on particle 
size, shape, and surface properties. Nanostructured and 


nanoporous particles have the largest area/volume ratio 
and therefore induce stronger surface effects than 
nonporous micrometer-size particles. When a large 
number of inhaled particles land on the ALI of the 
pulmonary region, their direct physicochemical in- 
teractions with PS may alter the natural interfacial 
processes of this system [30,31,90]. It should be noted, 
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Postulated behavior of a droplet with CoV and dry particle after deposition in the lung fluids. (a) bronchial mucus: 1 — droplet landing, 2 — droplet 
spreading with CoV captured in the gel-like layer, then transported by ‘mucociliary escalator’; (b) pulmonary surfactant layer: 1° — droplet landing, 2’ - 
droplet spreading with CoV translocation to the liquid subphase and the epithelium; (c) pulmonary surfactant layer: 1” — dry particle landing, 2” - lon- 
gitudinal transport of floating particle by surface tension gradient Vy (U — the velocity of the interface and particle due to the Marangoni effect). 


however, that some deposits are fully or partly soluble in 
the pulmonary liquid, e.g. droplets of aqueous solutions 
or suspensions. After the deposition of droplets on the 
pulmonary surface, the compounds carried in them will 
be quickly released to the liquid beneath the interface, 
and the consecutive interactions with PS components 
take place inside this sublayer. Such a scenario may be 
expected, e.g. after inhalation of e-cigarette mist, where 
the primary effects are induced in the liquid subphase 
rather than directly in the air-exposed surfactant 
monolayer at ALI [91]. The situation should be similar 
when CoVs are deposited inside inhaled aqueous 
droplets. 


It is known that PS components, mainly surfactant- 
specific proteins, have antimicrobial and antifungal 
functions [76,92], and they were also shown to exhibit 
antiviral activity [93,94]. This allowed putting a hy- 
pothesis of a possible role of PS in the protection against 
SARS-CoV-2, which was based on the observed detri- 
mental effects caused by other active surfactants on 
enveloped viruses [95]; however, it has been also 
recognized that development of the disease in the res- 
piratory system is associated with the rapid damage of 
alveolar type II cells (type II pneumocytes), which are 
responsible for the synthesis of PS. These cells are easily 
attacked because they have a high expression of ACE2, 
therefore serve as a basic target for SARS-CoV-2 [96]. As 
a result, COVID-19 quickly induces PS insufficiency 
in vivo, that is additionally amplified by surfactant 


inactivation by products of cell lysis as a common clinical 
picture of the acute respiratory distress syndrome, 
ARDS. Impaired function of PS leads to serious respi- 
ratory problems and a decrease in blood oxygenation, 
resulting in a life-threatening condition, often requiring 
artificial ventilation. ARDS is also frequently related to a 
physical blockage of gas exchange surface in the lungs by 
extensive foaming due to liquid accumulation in the 
alveoli and bronchioles, known as pulmonary edema 
[97]. In such a situation, all physiological functions 
(including the defensive ones) associated with the dy- 
namic surface-active properties of PS at the ALI are 
destroyed. When the innate PS is inactivated, the sup- 
plementation of exogenous PS is a vital strategy needed 
to recover the pulmonary functions but also to provide 
enough surfactant to produce the postulated physico- 
chemical activity against SARS-CoV-2 [95,98]. Several 
clinical trials are currently undertaken to test the 
applicability of the exogenous surfactants in the treat- 
ment of COVID-19 [99]. 


Regardless of the SARS-CoV-2 interactions at the 
cellular level, it may be interesting to take a look at 
possible purely physicochemical events associated with 
virus entrance onto the alveolar surface. As discussed 
earlier, inhaled CoV particles are typically contained 
inside droplets of saliva and mucus emitted from the 
respiratory tract of an infected person; however, other 
routes of airborne virus transmission have also been 
proposed, e.g. toilet water splashing [100], carrying CoV 
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with the environmental dust [14], or generation by 
medical procedures, including oxygen and inhalation 
therapies [68]. Considering the most probable inhala- 
tion scenarios, the arrival of completely dry active virus 
particles to the surface of the lungs is unlikely. It is a 
quite different situation compared to the more often 
discussed deposition of inhaled natural or man-made 
dust microparticles or nanoparticles [28,31]. As sche- 
matically shown in Figure 5, a droplet with SARS-CoV-2 
deposited on the alveolar ALI will spread immediately 
and mix with the pulmonary fluid, which allows the virus 
to pass the air/liquid barrier formed by the surfactant 
more easily as compared to a dry particle that is captured 
on the interface [30]. This suggests that PS layer may 
not be an effective physical barrier for protecting the 
airway cells against SARS-CoV-2. One should also note 
that the virus size is comparable with the average depth 
of the alveolar fluid (~100—200 nm [87,101,102]), 
which may facilitate a direct contact of SARS-CoV-2 
with pneumocytes and quick biochemical effects at 
the cellular level. Such mechanism is typically absent 
upon deposition of biologically neutral dry dust 
nanoparticles. 


As discussed earlier, the hydrophobic bilayer of CoV is 
decorated by glycoproteins with a various degree of hy- 
drophilicity in different fragments of their structure 
[103]. Transient interactions of CoV with the surfactant 
components may lead to localized interactions of various 
PS molecules (lipids, proteins) with the functional 
groups of the spike glycoprotein. By analogy to other 
particles deposited on the pulmonary surface [84, 104], 
this process may alter to some extent the activity of the 
CoVs. It has been recognized that the peculiar surface 
properties of the SARS-CoV-2Z play a role in its adhesion 
to variable surfaces and different virus stability on these 
fomites [10]. Important factors determining CoV sta- 
bility on solid surfaces are the surface charge and steric 
conformations; however, hydrogen bonding may also 
become effective in the presence of an aqueous phase. 
At this stage of knowledge, we cannot be sure if similar 
molecular interactions take place on the lung surface 
and if they can influence virus affinity to the pulmonary 
cells, which is determined mainly by biochemical 
mechanism (ACE2-signalling pathway). 


Conclusions 

One of the main routes of COVID-19 infection is the 
transmission of the SARS-CoV-2 virus in the form of 
aerosol that can enter directly to the surface of the 
respiratory system by inhalation. In this review, several 
aspects of this process have been discussed. The for- 
mation of aerosol particles in the respiratory system of 
infected, sometimes asymptomatic person during 
normal breathing, talking, coughing, or sneezing allows 
the virus to be expelled to the environment. The 
emitted droplets have various sizes and different 
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velocities, but they can be eliminated and redirected by 
facial respirators, masks, and covers. Without nose and 
mouth coverings, droplets are extensively emitted to the 
environment, where they may settle down on various 
surfaces. Some of them, due to partial evaporation in the 
air, achieve the size that allows their persistence in the 
form of aerosol for some hours. Upon inhalation, 
different mechanisms of flow and deposition allow them 
to arrive at various levels of the respiratory system and 
land with size-dependent efficiency on the surface 
covered by protective liquid layers of the bronchial 
mucus or pulmonary surfactant. Interactions with these 
lung fluids can affect the fate and activity of the coro- 
navirus in a given lung region. Recognition of these 
phenomena seems to be indispensable for understand- 
ing the process of COVID-19 transmission from the 
perspective of colloid and surface science. This knowl- 
edge should be of great value for the elaboration of new 
protective and therapeutic means against this disease. 
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